Abstract Pseudorabies virus (PRV) is an animal alphaherpesvirus with a wide host range. PRV has 67 proteincoding genes and several non-coding RNA molecules, which can be classified into three temporal groups, immediate early, early and late classes. The ul54 gene of PRV and its homolog icp27 of herpes simplex virus have a multitude of functions, including the regulation of viral DNA synthesis and the control of the gene expression. Therefore, abrogation of PRV ul54 function was expected to exert a significant effect on the global transcriptome and on DNA replication. Real-time PCR and real-time RT-PCR platforms were used to investigate these presumed effects. Our analyses revealed a drastic impact of the ul54 mutation on the genome-wide expression of PRV genes, especially on the transcription of the true late genes. A more than two hour delay was observed in the onset of DNA replication, and the amount of synthesized DNA molecules was significantly decreased in comparison to the wild-type virus. Furthermore, in this work, we were able to successfully demonstrate the utility of long-read SMRT sequencing for genotyping of mutant viruses.
Introduction
Pseudorabies virus (PRV) -also known as Suid herpesvirus 1 -is a member of the neurotropic herpesviruses, and the causative agent of Aujeszky's disease in pigs [1] . PRV is a widely employed model organism for studies of the pathogenesis of herpesviruses [2] . Due to the neurotropic nature of the virus, PRV is also generally used as a tracer for mapping neural circuits [3] [4] [5] [6] [7] [8] . PRV can also serve as a vector for gene transfer into neurons [9, 10] and cardiomyocytes [11] . PRV has also been tested as a potential tool in gene and cancer therapy [12] , as well as live vaccines against Aujeszky's disease [13] [14] [15] . PRV has a double-stranded linear DNA, composed of 143,423 bp with a mean GC content of 73.59% [16] . The PRV genome encodes 67 protein-coding and at least 20 non-coding RNA genes [17] . The transcriptome of the wild-type (wt) virus has been examined using various approaches, such as realtime RT-PCR [18] and microarray [19] analyses, as well as next generation [20] and third generation [17] sequencing platforms. It has recently been shown that almost the entire viral genome is transcriptionally active and many genes produce various transcript isoforms, including length and splice variants, as well as polycistronic transcription units with varying numbers of genes [17] . PRV genes, expressed in a cascade-like manner, are divided into three major temporal classes: immediate-early (IE), early (E) and late (L). The L genes can be further subdivided into early-late (L1 or E/L) and true late (L2 or L) genes in terms of their dependency on viral DNA replication (L genes require the synthesis of viral DNA for their expression). Herpes simplex virus type 1 (HSV-1), the prototype of the Alphaherpesvirinae subfamily, has five IE genes (icp4, icp0, icp27, icp22, and icp47; [21, 22] ), while in comparison, PRV has only one true IE gene, the ie180
Electronic supplementary material The online version of this article (doi:10.1007/s00705-017-3420-3) contains supplementary material, which is available to authorized users.
(homologous to the icp4 of HSV-1; [23] ). It has been shown that ep0 and ul54 genes of PRV (homologous to icp0 [24] and the icp27 of HSV [25] , respectively) are expressed in the E phase of infection. PRV lacks the icp47 gene and no consensus has been reached as to whether the us1 gene (ICP22 in HSV) is expressed with IE [26] or E [27] kinetics. The least characterized among the above genes in PRV is the ul54 gene [25, 28, 29] .
The ul54 gene is located on the unique long (UL) region of the PRV genome and it forms a tandem cluster along with 2 other genes (ul53, ul52), which produce 3' coterminal transcripts. The PRV ul54 gene is composed of 1,164 nucleotides and encodes a protein of 361 amino acids.
Several functions of ICP27 and their homologs have been revealed thus far, including the regulation of transcription [28] and DNA replication [30] [31] [32] [33] , the shut off of host protein synthesis [34] , and the usage of polyadenylation sites [35] , as well as viral growth. The deletion of the ul54 gene has been shown to result in severe growth defects [36] . A previously published study [33] reported that the ul54 gene and its protein product are not essential for PRV growth and replication in tissue culture; however, the mutant virus exhibited reduced growth ability. It has also been shown that this multifunctional protein is not essential for host shut-off and that its absence causes aberrant accumulation of late proteins at the early phase of infection in a cell-type dependent manner [33] . Two recently published studies have revealed that the ICP27 also plays a role in nucleo-cytoplasmic trafficking and in nucleolar-targeting [37, 38] , respectively. Despite the accumulating data on the function of the ul54 gene, its precise role in the virus lifecycle continues to remain poorly understood.
In this study, we generated an ul54-KO virus with a knockout technique based on homologous recombination, and examined the effects of the mutation on the replication and global transcription of PRV by using quantitative realtime-PCR and reverse transcription (qRT)-PCR platforms. The presence of mutation was confirmed by long-read sequencing based on the Pacific Biosciences 
Materials and methods

Cells, viruses and infection conditions
Monolayer cultures of immortalized porcine kidney epithelial (PK-15) cells were maintained at 37°C in the presence of 5% CO2. Cells were grown in DMEM (Gibco/ Thermo Fisher Scientific), supplemented with 5% fetal bovine serum (Gibco/Thermo Fisher Scientific) and 80 lg of gentamycin per ml (Gibco/Thermo Fisher Scientific). PK-15 cells were used for the propagation of pseudorabies virus. The Kaplan (wt) strain of PRV was used as the parental strain for the generation of the ul54-null mutant virus (ul54-KO). PK-15 cells were infected with a low multiplicity of infection [MOI; 0.1 plaque-forming units (pfu)/cell]. The expression of the PRV genes was monitored at the following time points: 1, 2, 4, 6, and 8 h. Three independent biological replicates were carried out for the infections at each time point (Supplementary Table 1 ).
Generation of the ul54 -deleted virus
In this study, we deleted the ul54 gene of pseudorabies virus (PRV) and investigated the effect of this mutation on the transcription of 37 protein-coding and 3 non-coding viral genes (Table 1) , as well as on the DNA replication. The PRV ul54-KO mutant virus was constructed as follows: as a first step, the BamHI fragment containing the entire ul54 gene was isolated from an agarose gel, and then was subcloned into the pRL525 cloning plasmid [39] . The resulting recombinant plasmid was used as a template for the PCR amplification of the two arms of the flanking sequences providing homology with the targeted genomic region of the PRV. A unique EcoRI site was inserted in place of a 1,017-bp segment (located within 2901 and 3919 bps) within the ul54 gene during the PCR reaction (Figure 1, Table 2 ). This was then followed by the insertion of a green-fluorescent protein (GFP; pEGFP-N1 vector, Clontech) gene expression cassette (Clontech) bracketed by EcoRI sites into the EcoRI site of the targeting sequence. The resulting recombinant plasmid was used as a transfer construct for the generation of the knockout virus. The linearized targeting plasmid was transfected along with the purified wild-type (wt, strain Kaplan) viral DNA into porcine kidney (PK-15) immortalized epithelial cells. The recombinant virus was generated by homologous recombination, followed by isolation on the basis of fluorescence of cells infected by the recombinant virus using an inverted fluorescent microscope (Olympus iX71). The first isolate was plaque-purified, which was repeated until the contaminating wt virus was completely eliminated.
RNA purification
Total RNAs were isolated from infected cells by using Nucleospin RNA Kit (Macherey-Nagel) as was suggested by the manufacturer. In summary, the cells were collected by centrifugation and lysed by a buffer (kit component). Potential genomic DNA contamination was digested by RNase-free rDNase solution (supplied with the kit). Samples were eluted in nuclease-free water (part of the kit) in a total volume of 60 ll. Next, possible residual DNA contamination was eliminated by using the TURBO DNA-free Kit (Ambion/Thermo Fisher Scientific). RNA concentration was calculated using a Qubit 2.0 Fluorometer instrument (through use of the Qubit RNA BR Assay Kit (Life Technologies/Thermo Fisher Scientific). The RNA samples were stored at -80°C until use.
Reverse transcription
Single-stranded (ss)cDNA production was carried out by using SuperScript III reverse transcriptase (Invitrogen/ Thermo Fisher Scientific) and gene-specific primers [18] ( Table 3) . Briefly, the reaction mixtures containing RNA, primer, SuperScript III enzyme, buffer, and dNTP mix were incubated at 55°C for 1 h. Finally, the reaction was terminated by heating at 70°C for 15 min. Samples were diluted 10-fold with nuclease-free water (Ambion/Thermo Fisher Scientific).
Real-time PCR and real-time RT PCR
The entire viral genome or single-stranded cDNAs were used as templates for the amplification of specific sequences by Rotor-Gene Q real-time PCR cycler (Qiagen) and Absolute QPCR SYBR Green Mix (Thermo Fisher Scientific) as published in our previous article [18] . To ensure the accuracy, the following controls were used: no-RT, no-primer, no-template, as well as loading control (pig 28 rRNA). Purified viral DNA was also used to verify the specificity of the primers.
Data analysis
Relative expression ratio (R) values were calculated by using the following formula, as described in our previous study [18] :
where R is the relative expression ratio; E is the efficiency of amplification; Ct is the cycle threshold value; sample refers to any particular gene at a given time point; and ref is the 28S rRNA that was used as a reference gene in each run. We used the average 6h value of E Ct for each gene in the wt background as the control [61] . The R values in each independent experiment were calculated by normalizing cDNAs to 28S rRNA using the Comparative Quantitation module of the Rotor-Gene Q software (Version 2.3.1, Qiagen). The final R values represent the means of the three biological replicates (Supplementary Table 2 ). The net increase in the mRNA level (R D ) and the rate of change (R a ) were calculated as was previously described [18] :
The effect of the UL54 protein on the expression of PRV genes was calculated by using the R r value, which is the ratio between the R values of the ul54-knockout and the wt PRVs: where R ul54D and R wt are the R values of a particular gene at a given time point in the ul54-knockout and wt genetic background, respectively. The average R r for the E, E/L and L genes was also calculated for each time point:
Pearson's correlation coefficient was calculated for the analysis of the expression dynamics, using the following equation [62] : 
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In this study we used the mean expression value of all examined transcript (total) in a given sample as a normalization factor for the transcripts (sample) real-time quantitative PCR to obtain R x values. This method is similar to that used by Mestdagh et al [63] . However, instead of using the Ct values alone, we used the of E Ct for the calculation of the expression values.
DNA purification PK-15 cells were infected with ul54-KO PRV (0.1 pfu/cell) and incubated until complete cytopathic effect was observed. After three rounds of freeze-thaw treatment, cells were centrifuged at 750 xg for 5 minutes at 4°C to eliminate the cell debris. The supernatant was collected and layered beneath a 30% sucrose solution in ultracentrifuge tubes. Ultracentrifugation was carried out at 70000 xg for 1h using Sorvall WX Ultra 90 (Thermo Scientific) device. This was followed by removal of the supernatant and resuspension of the sedimented virus in a buffer solution (2% NaCl 5M, 1% Tris 1M (pH=6.7), 0.5% EDTA 0.2 M (pH=7). The proteins were removed by adding SDS (0.5%) and proteinase K (500 lg/ml) to the virus solution followed by incubation at 55°C for 1h. DNA was purified by phenol/ chloroform extraction, ethanol precipitated, and resuspended in nuclease-free water.
Pacific Biosciences Single Molecule Real-Time sequencing and data analysis
A SMRTbell Template was prepared from the isolated viral DNA as previously described [64, 65] , using standard protocols for 5-kb library preparation (PacBio ''Procedure & Checklist-5 kb Template Preparation and Sequencing). Briefly, for preparation of a 5kb library, 2 lg DNA was sheared by using g-TUBEs (Covaris) according to the manufactureŕs recommendations. DNA was end-repaired and ligated to the adapters using the DNA/Polymerase Binding Kit P6 v2 (Pacific Biosciences). Annealing and binding conditions of sequencing primers and polymerase to the purified SMRTbell Template were calculated using the Binding Calculator (Pacific Biosciences). Sequencing was carried out on the PacBio RSII long-read instrument (Pacific Biosciences) taking one 240-min movie for a single SMRT Cell with P6 DNA polymerase and C4 chemistry (P6-C4) yielding a total of 6,902 reads and a high coverage (* 120-2009) across the genome. Sequencing reads were aligned against the PRV Ka reference genome (KJ717942.1) using the BLASR long read aligner (PacBio). The sequencing reads were mapped to the nucleotide sequence of GFP (U87625.1), to ensure that the construct was inserted to the PRV genome. Integrative Genomics Viewer (IGV) [66] was used for data visualization and mapping quality assurance. Artemis (Wellcome Trust Sanger Institute) [67] was also used for the visualization and analysis of the sequencing data.
Results
Genotyping of PRV ul54-KO mutant with PacBio SMRT sequencing
The presence of the deletion (Figure 1 ) in the PRV ul54-KO mutant virus was confirmed with Pacific Biosciences SMRT whole-genome sequencing (WGS) technique using a PacBio RSII sequencer and P6-C4 chemistry. The wt parental strain was sequenced earlier using the same method [16] . Comparison of the sequences of wt and mutant PRVs showed that the desired deletion was the only genetic difference between the two viruses; that is, no undesired genetic alterations took place during the generation of the knockout virus. The WGS platform that was used for genotyping eliminated the need for the generation and analysis of the kinetic properties of a rescue virus.
The effect of the ul54 gene on viral growth
In this part of the study, we investigated the effect of the ul54 gene deletion on the growth of PRV on cultured cells during a 24-h examination period using both low (MOI = 0.1 pfu/cell) and high (MOI = 10 pfu/cell) multiplicity of infection. Our analysis revealed a severe effect of the ul54 mutation on the viral growth in both cases (Figure 2 , Supplementary Table 3 ). We also observed that the mutant virus does not cause any visible cytopathic effect even after 24 h p.i. (Figure 3 ).
The effect of the ul54 gene deletion on the expression of PRV genes
We also investigated the effect of the mutation on viral gene expression. PK-15 cells were infected with either the wt or PRV ul54-KO virus, using low a MOI (0.1 pfu/cell) for the infection. The expressions of PRV genes were monitored within an 8 h period of time. The reason for using a short infection period was to exclude that mature viruses released from the infected cells could initiate a new cycle of replication in the non-infected cells at later periods. We observed that the mutation exerts a drastic effect on the PRV transcriptome. Compared to the wt, the PRV ul54-KO exhibits aberrant expression of ie180 gene and several E, E/L and L genes. The effect of the mutation on individual PRV genes was examined by using the R r values, which were calculated as the ratio of the R values of mutant and wt virus at each time point (Table 4) . We also calculated the impact of mutation on the average E, E/L and L transcripts (Table 5 , Figure 4 ). It can be seen that on average the E genes are negatively affected by the mutation at first 1 h post infection (p.i.), while the expression levels become the same in the two viral backgrounds by 2 h p.i. This is in contrast to both the E/L and L genes, which are overexpressed in the mutant virus within the same period. This latter result is consistent with the observation made by Schwartz and colleagues, who have shown the accumulation of late viral product at the early period of infection [33] . An overall decline of transcript levels was observed at 4 h p.i. which may be related to the differential effect of the initiation of DNA synthesis on the two genotypes. The genes belonging to different kinetic classes behave dissimilarly by 6 h p.i.; there is a significant fall in the rate of expression of L genes, while the E genes appear to become unaffected by the mutation. Finally, all kinetic classes of PRV genes become considerably suppressed by 8 h p.i. Note that gene expressions are significantly lower in the mutant than in the wt background at 4 h p.i. in all PRV genes, except for the latency-associated transcript (LAT), which exhibits a 7.7 fold increase of expression in PRV ul54-KO (Table 4) . By far the highest elevation in gene expression is detected from the ul53 gene (8.25 fold) in the mutant genome at 6 h p.i., and furthermore, this gene is the only gene that is expressed at a higher level at 8 h p.i. in the PRV ul54-KO than in the wt background. This phenomenon may be explained by the fact that ul53 and the deleted ul54 genes are adjacent to each other on the viral genome, and ul54 might exert a cis-or trans-acting suppressive effect on ul53, which is non-existent in the mutant virus. Intriguingly, the ul52 gene, which also produces co-terminal transcripts with the ul54 gene, is transcribed at a lower 
Correlations between gene expression
We calculated the ''R x '' values showing the relative contribution of a transcript or a group of transcripts to the total transcriptome, and obtained a complementary pattern of gene expression in the two viruses for the IE, E and E/L genes. This was contrary to the L genes, whose expressions retained a similar pattern of gene expression throughout the entire period of infection. However, the kinetic curves of mutant and wt viruses do intersect one another at 4 h p.i., that is, the relative proportion of L genes becomes higher in the mutant than in the wt virus after 4 h ( Figure 5 ), despite the fact that the expression of L genes in the two backgrounds exhibits a reverse pattern for the R r values (Figure 2) . This apparent contradiction can be explained by the fact that the difference in the amount of L transcripts is much larger in the early and late stage of infection in the wt virus than in PRV ul54-KO . The transcription dynamics of the ie180 gene (illustrated by the R D values) are similar in the two genotypes, but the expression of the ep0 gene, another transcription regulator of PRV, exhibits complementary patterns in the two viruses (Figure 6a ). To compare their expression in the same background, we can observe similar runs of the curves in the wt, while it is complementary in the mutant virus (Figure 6b) . Furthermore, while in the wt virus the ie180/ ast (Figure 6c ) and ep0/lat (Figure 6d ) gene pairs exhibit a perfect inverse pattern in their transcription dynamics, this is not the case in the mutant background, where their expression becomes non-correlated (ie180/ast) or becomes similar (ep0/lat). The relationship between the antisense transcript (AST) and LAT non-coding RNA molecules (produced from the complementary DNA strand of ie180 and ep0 genes, respectively) alters in such a way that in the mutant virus, their expression becomes dissimilar (Figure 6e) , in contrast to the wt virus where the two transcripts exhibit almost identical expression profiles. Figure 6f shows the genomic region of PRV encoding the two transcription factors and the overlapping non-coding RNA molecules. We also showed that the expressions of the ie180 and ep0 transcriptional activator genes in the mutant background exceed that of wt expression at 2 h p.i, while the AST peaks at 1 h p.i. and the LAT has the highest value at 4 h p.i., which also refers to a complementary pattern of gene expressions (Table 4) .
The ul54 gene mutation exerts an inhibitory effect on the synthesis of viral DNA Abrogation of ul54 gene function also affected the DNA synthesis of the mutant virus. The onset of replication exhibited a more than 2-h delay in PRV ul54-KO and a low copy number of DNA was produced when compared to the wt virus (Figure 7) . The expression of the cto gene encoding a non-coding transcript [55] is also delayed by two hours and expressed in a very low amount in the mutant background (Figure 8 ). The CTO is supposed to interact with DNA replication [55] ; the correlation between the delays in the two processes may therefore not be a coincidence. The time slip in the initiation of viral replication has a great impact on gene expression, especially for the L genes from 4 h p.i., whose expression is dependent on replication. At a later stage of the viral life cycle a global repression of gene expression in the mutant background was observed. This phenomenon is explained by the low copy number of the mutant viral DNA.
The effect of the ul54 gene mutation on gene expression from a single PRV genome
The dynamics of gene expression in the mutant virus also show a pattern, with the same 2h delay in genes normalized to the copy number of DNA molecules (Figure 9 ). Before the onset of DNA synthesis, the suppressive effect on the global gene expression may be exclusively attributed to the missing ul54 function, while later the lower copy number of viral DNA may also contribute to this phenomenon. In the late stage of infection, the single copies of genes are also expressed at a lower level in the mutant virus than in the wt if we compare the relevant time points (4 h wt to 6h mutant and 6 h wt to 8 h in mutant), which suggests a role for ICP27 in the control of gene expressions.
Discussion
In this study, we described the generation of a mutant PRV strain with a deletion at the ul54 locus and the transcriptional characterization of this virus in cultured cells using a real-time RT-PCR technique. We also analyzed the dynamics of viral DNA synthesis and correlated the obtained data on replication with the transcription patterns of the viral genes. Additionally, in this work, we also demonstrated the usefulness of long-read SMRT sequencing for genotyping of mutant viruses.
Here we show that the ul54 gene is not essential for the growth of PRV in tissue culture. However, our analysis showed that the abrogation of the ul54 function leads to a severe defect on viral replication. The deletion of ul54 gene exhibits a differential effect on the expression of PRV genes belonging to different kinetic classes. We observed an elevated level of L transcripts at the early stage of viral infection, as has also been shown by Schwartz and colleagues [33] . We also demonstrated that the average expression of E genes is suppressed at the very early stage of infection. The global gene expression is also suppressed by 8 h p.i. but at a different rate among the kinetic classes of viral genes; the expression of L genes was especially affected by the mutation. We explain this result by the dependency of L gene expression on DNA replication, which was also severely affected in the mutant virus. We can only speculate about the reason for the higher expression of L genes from the mutant background in the first 2 h p.i. The E genes are supposed to be under the direct b Fig. 6 Comparisons of the expression patterns of transcription factor genes and their overlapping non-coding RNAs. A) Comparison of the expression kinetics of the ie180 and ep0 genes. The expression pattern of ie180 gene is similar, while the ep0 gene is complementary in the two genetic backgrounds. B) Comparison of the expression kinetics of ie180 and ep0 genes. The expression pattern of the two transcription factor genes is similar in the wt, while exhibits an inverse dynamics in the mutant virus. C) Comparison of the expression of ie180 and its antisense RNA genes. An inverse correlation can be observed between the transcription kinetics of IE180 and AST transcripts in the wt background, while no correlation exists between these transcripts in the mutant virus. D) Comparison of the expression of ep0 and its antisense RNA genes. An inverse correlation can be observed between the transcription kinetics of EP0 and LAT transcripts in the wt background, while these transcripts exhibit similar kinetics in the mutant virus. E) Comparison of the expression of LAT and AST transcripts. These antisense transcripts exhibit a similar expression pattern in the wt virus, while they express an inverse pattern in the mutant virus. F) The genomic location of ie180 and ep0 genes and their antisense RNAs control of the UL54 protein, which normally exerts an enhancing effect on the transcription of E genes, and hence the absence of enhancement results in a reduced expression of these genes at the early stage of viral infection. This event may account for the selective upregulation of the expression of L genes, perhaps through a cis-regulatory effect based on transcription interference between the transcriptional machineries [68] . The global decrease of gene expression from the mutant genome compared to that of wt is explained by the joint effect of the missing ul54 trans-activation of transcription and the low copy number of the mutant DNA molecules. Intriguingly, the relative contributions of the ie180 and the average E and E/L genes exhibit a complementary pattern in the two genetic backgrounds throughout the 8 h examination period, while the expression curves of the L genes are similar in the two genotypes, except that the relative amounts of these gene products becomes higher in the mutant than in the wt virus from 4 h p.i. Theoretically, these results mean that the IE180 transactivator, on average, exerts a stimulatory effects on the E and E/L genes, while having a suppressive effect on the L genes. We obtained the same results in our analysis of the dynamic PRV transcripts using PacBio SMRT isoform sequencing [51] .
The shape of the expression curves of the ie180 gene is very similar in the two genotypes, but they cross each other three times during the 8 h examination period (Figure 6a ). This is in contrast to ep0 genes, where the R D expression curves show a complementary pattern, and in addition, the amount of EP0 transcript is drastically decreased in the mutant background throughout the entire infection period, which suggests that the ICP27 protein may have an important role in control of the expression of the ep0 gene (Figure 6b ). In the wt virus, the two transactivator genes Fig. 8 Expression of CTO non-coding RNA in the wt and mutant viruses. CTO expression is significantly reduced (similar relative expression /R/ values in the first 2 h pi, a * two-fold difference at 4h pi, a * six-fold difference at 6h pi, while an almost eight-fold difference at 8h pi) in the mutant background, which may partly explain the shift in the initiation of DNA synthesis Fig. 9 The dynamics of total gene expression from an individual PRV genome. This figure shows the relative copy numbers of the PRV genes in the two examined viruses, normalized to the DNA copy numbers. Similarly to DNA synthesis, the dynamics of global transcription are shifted by 2 hours Impact of a ul54 gene-deletion on pseudorabies virus 2691 are expressed with similar dynamics, while gene expression becomes complementary in the mutant virus. The loss of synchronicity between the expression of ie180 and ep0 genes suggests a role for ICP27 in the expression kinetics of the ep0 gene, which is lost in the mutant virus. We compared the relationships of the two transactivator genes (ie180 and ep0) with their antisense partners (ast and lat, respectively) in the 2 backgrounds and obtained inverse expression curves in the wt, and similar curves in the mutant virus. Since the two transcripts exhibit a full-length overlap, their transcription may interfere with one other, which explains the inverse expression pattern in the wt virus. However, this relationship collapses in the ul54-deleted virus. The reason for this phenomenon may be the very low level of transcription from both the ep0 and lat genes, which could result in a decrease of the transcriptional interaction between the two overlapping partners.
We compared the kinetics of LAT and AST antisense transcripts, and observed that they are expressed synchronously in the wt, while they are transcribed in an inverse pattern in the mutant virus (Figure 6e ). This phenomenon may be related to altered expression of the transactivator genes encoded in the same genomic region.
The onset of replication exhibits a significant delay in, and a lower copy number of, the DNA in the mutant virus, which exerts a significant effect on gene expression. The E genes encoding the synthetic machinery of PRV are expressed at a low level in the ul54 deletion mutant. This phenomenon may be the reason for the late onset of DNA replication. Furthermore, there is also a time slip in the expression of CTO non-coding transcript, which is proposed to play a role in the control of DNA synthesis through an interaction between the transcription and replication machineries [61] . Perhaps, this putative mechanism also contributes to the delayed kinetics of DNA replication. Low amounts of E genes produces few viral DNAs, while low levels of L genes produces few building blocks for the capsids and envelopes; these two phenomena could underlie the growth defect of the mutant PRV reported in this study and also by Schwartz and colleagues [33] . These two reports had obtained very similar results in the growth analyses for both wt and ul54-KO viruses at both low and high MOI. The only significant difference between the two studies was that we included the 18 h post infection period for the analysis, which proved to be the time point where the wt virus produced the highest number of viral particles in the high MOI experiment. Earlier, we had already undertaken an investigation of the impact of gene deletions on the global transcriptome. For example, we have demonstrated that in the early stage of infection, the de novo VHS protein exerts a negative effect on the expression level of early mRNAs [61] . We also have shown that the effect of VHS protein on the amount of E/L gene transcripts is intermediate, while the expression of the L viral transcripts is slightly affected by the VHS. We have shown [69] that EP0 protein exerts a selective negative effect on the expression level of early mRNAs in the very early stage of infection and affects the amounts of mRNAs without bias toward any kinetic classes in the late phase. In another study, we have shown [70] that the deletion of the us1 gene leads to a general, but significant reduction of PRV gene expression in the first hour p.i. However, in the mid-phase of infection (between 1-6h pi), the L genes are selectively down-regulated, while later the early genes are up-regulated in the us1-deleted virus.
In summary, we have established that the abrogation of ul54 function leads to a differential effect on the various kinetic classes of the PRV genes. This effect may be direct at the early phase of gene expression, but later this mutation likely exerts its influence on global gene expression at least partly through DNA replication, which is impeded in comparison to the wt virus, and through an effect on other transcription factors, such as IE180 and EP0. In future studies the mechanism of action has to be investigated for each individual gene.
